Attenuation of visual activity in the superficial layers (SLs), stratum griseum superficiale and stratum opticum, of the superior colliculus during saccades may contribute to reducing perceptual blur during saccades and also may help prevent subsequent unwanted saccades. GABAergic neurons in the intermediate, premotor, layer (SGI), stratum griseum intermedium, send an inhibitory input to SL. This pathway provided the basis for a model proposing that the SGI premotor cells that project to brainstem gaze centers and discharge before saccades also activate neighboring GABAergic neurons that suppress saccade-induced visual activity in SL.
Introduction
As the eyes move during a shift in the direction of gaze, the optical projection of the visual field sweeps across the retina at the same speed in the opposite direction, but the resulting retinal stimulation does not result in either the perception of visual motion during the eye movement or the triggering of subsequent, unwanted shifts in gaze (Volkmann, 1962) .
A circuit model to explain the suppression of the visual activity evoked by saccades proposes that premotor neurons in the intermediate layers of the superior colliculus that initiate saccades have corollary discharges that suppress the visual activity in the superficial layers (SL) (see Fig. 1 ). Two types of in vitro experiments suggested that this circuitry is located within the superior colliculus (Lee et al., 2007) . First, in GAD67-GFP knock-in mice, in which GABAergic neurons express green fluorescent protein (GFP) (Tamamaki et al., 2003) , GFP-labeled SGI neurons were injected with the axonal tracer biocytin. The results revealed a population of SGI GABAergic neurons that project to SL. Second, whole-cell patch-clamp recordings of cells in SL were obtained from both rats and mice. The recordings detected large IPSCs in SL cells evoked by stimulation in SGI. These IPSCs were monosynaptic and blocked by GABAzine, confirming that they are GABA A receptor-mediated IPSCs.
In the present experiments, we tested this model by measuring the responses of both SGI GABAergic and SL projection cells evoked by antidromically stimulating the axons of SGI cells that exit the superior colliculus. Many of these SGI efferent cells project to the brainstem gaze centers that organize and initiate shifts in the direction of gaze (Harting et al., 1973; Moschovakis et al., 1988a,b; May, 2006) . These experiments provide direct evidence for the model by demonstrating that the activation of SGI efferent axons can induce polysynaptic IPSCs in SL neurons that project to the visual thalamus.
Materials and Methods
The experimental design was to whole-cell patch-clamp record in vitro the responses of SGI and SL cells to antidromic stimulation of premotor cells (Fig. 1) .
Preparation of slices. Procedures for slice preparation were described in previous reports (Lee and Hall, 1995; Phongphanphanee et al., 2008) . Briefly, coronal slices (250 -300 m thick) of the superior colliculus were prepared from Sprague Dawley rats, C57BL/6 mice, and GAD67-GFP (neo) knock-in mice from 15 to 20 d of age. The rats were deeply anesthetized by sodium pentobarbital (50 mg/kg) and perfused transcardially with ice-cold sucrose-artificial CSF (ACSF) solution saturated with ox-ygen. The mice were deeply anesthetized with isoflurane and decapitated. In both groups, the brains were quickly removed and submerged in sucrose-ACSF solution. Slices were cut with a microslicer and then collected in an interface or submersion chamber in standard oxygenated ACSF solution at room temperature for Ͼ1 h before recording. The ACSF solution contained the following (in mM): 125 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 10 MgSO 4 , 0.5 CaCl 2 , 26 NaHCO 3 , and 11 glucose, pH 7.4. Sucrose-ACSF consisted of the same ingredients as the standard ACSF with 200 mM sucrose replacing NaCl.
Prelabeling SL projection cells. To identify SL cells that project to structures outside of SL, in some rats, neurons were prelabeled with the retrograde axonal tracer wheat germ agglutinin-apo-HRP-gold (WAHG) (E-Y Laboratories) before the in vitro experiments. Because a major pathway from SL terminates in the dorsal lateral geniculate (dLGN) and lateral posterior thalamic (LP) nuclei of the visual thalamus (May, 2006) , WAHG was injected into this region 3-5 d before the patch-clamp experiments. The WAHG is visible with bright-field optics, so the patchclamp pipette could be guided under direct visual control to the prelabeled cells.
All surgical procedures for these experiments were approved by the Duke University Institutional Animal Care and Use Committee. Animals were deeply anesthetized with a mixture of ketamine (60 mg/kg) and xylazine (10 mg/ kg). Single or multiple injections of 0.1-0.5 l of WAHG were delivered stereotaxically into dLGN and LP using a modified Hamilton syringe tip to prelabel SL projection cells by retrograde axonal transport. Animals recovered from the surgery under intensive care and then were returned to their cages until they were used for the slice recordings.
In vitro whole-cell patch-clamp recording. Slices were mounted in a recording chamber on an upright microscope and continuously perfused with the oxygenated standard ACSF solution at a flow rate of 2-5 ml/min. Whole-cell patch-clamp recordings were obtained from SL and SGI neurons by visually guiding the patch-clamp pipettes toward identified neurons. GFP-positive GABAergic neurons and GFP-negative neurons were selected from GAD67 knock-in mice using fluorescent optics; then a whole-cell configuration was obtained using bright-field optics. Prelabeled SL projection neurons were identified using bright-field optics, with which the gold appears in the somas as black dots (see Fig. 4 A) .
Patch-clamp pipettes were prepared from borosilicate glass capillaries and filled with a potassium gluconate internal solution for rats or a cesium gluconate internal solution for mice. A potassium gluconate internal solution contained the following (in mM): 130 K-gluconate, 2 Na-gluconate, 20 HEPES, 4 MgCl 2 , 4 Na 2 ATP, 0.4 NaGTP, and 1 EGTA, pH 7.3. Cesium gluconate internal solution contained the following (in mM): 120 CsOH, 10 EGTA, 2 MgCl 2 .6H2O, 2 Na 2 ATP, 10 HEPES, 0.3 Na 3 GTP, and 0.1 spermine, pH 7.3. To characterize the morphology of the recorded neurons, biocytin (5 mg/ml; Sigma) was dissolved in the pipette internal solution and allowed to diffuse into the patch-clamped cell. In some experiments, QX-314 [2(triethylamino)-N-(2,6-dimethylphenyl) acetamine] (2.5 mM; Sigma) was added to the intracellular solution to block Na ϩ /K ϩ action potentials. With the QX-314, cells could be stably voltage clamped without generating spikes at depolarized potentials to accentuate IPSCs and attenuate EPSCs that may otherwise mask the inhibitory currents.
The resistance of the electrodes was 3.7-9 M⍀ in ACSF solutions. The actual membrane potentials were corrected by the liquid junction potential of Ϫ10 mV. The neurons were clamped either near their resting membrane potential (Ϫ55 to Ϫ65 mV) or at depolarized potentials (Ϫ30 mV). The whole-cell recordings were performed using a patch-clamp amplifier [Axopatch 1D (Molecular Devices) and EPC-7 (HEKA)] connected through a Digidata 1320A and 1322A analog/digital interface (Molecular Devices). The data were acquired using a pClamp system (pClamp 8.0; Molecular Devices).
Three electrodes from an array of five stainless steel cathodal concentric bipolar electrodes with a tip distance of 200 -300 m (NB Labs and Inter Medical) were used to stimulate the SGI premotor cell axons as they depart the superior colliculus ventral to its deep layers. One of the three electrodes was placed in the lateral midbrain tegmentum, one in the descending tectal efferent fiber tract and one more medially, in the central gray. The stimuli consisted of single cathodal square-wave pulses 100 -500 s in duration with an intensity ranging from 50 A to 1 mA or 200 Hz of four pulses at 100 -700 A. When synaptic responses were evoked in SGI and SL cells by antidromically activating the SGI premotor cells, the responsible neurotransmitters and their receptors were identified by adding to the slice bath the AMPA/kainate receptor antagonist 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (10 M; Tocris Cookson), the NMDA receptor antagonist DL-2-amino-5-phosphonovaleric acid (APV) (50 M; Sigma), or the GABA A receptor antagonist GABAzine/SR95531 [2-(3-carboxypropyl)-3-amino-6-(4-methoxyphenyl)pyridazinium bromide] (10 M; Sigma) .
Histological procedures. After recording, slices were fixed and stored in 4% phosphate-buffered formaldehyde at 4°C until the slices were processed to visualize the biocytin that had diffused into the neurons from the patch-clamp pipette (Lee et al., 1997; Isa et al., 1998) . Briefly, the sections were incubated in 10% methanol and 0.03% H 2 O 2 in PBS, followed by 1% Triton X-100 in PBS, and they were freeze-thawed in 20% DMSO. The sections were then incubated in avidin with 0.1% Triton X-100, followed by incubation in biotinylated HRP. Finally, the sections were reacted with 3,3-diaminobenzidine intensified with cobalt and nickel (Adams, 1981) . The biocytin confirmed the location of the cell and provided details about its morphology and axonal projections.
Data analysis. Three to eight sweeps of intracellular responses from each stimulation protocol were averaged by using pClampfit 10.2 software (Molecular Devices). Values are given as the means Ϯ SD. Statistical significance was examined with a two-tailed Student's paired t test, and the difference was considered significant if p Ͻ 0.05. We used ANOVA and Tukey's multiple comparisons of means with a 95% familywise confidence level for analysis of differences in response latency among cell groups.
Results
The model predicts that activation of the SGI premotor cells by stimulation of their axons should evoke antidromic spikes in the premotor cells, either monosynaptic or polysynaptic EPSPs in neighboring SGI GABAergic cells, and polysynaptic IPSCs in SL projection cells (Fig. 1) .
Antidromic activation of non-GABAergic premotor cells
We tested 12 SGI cells in mice for antidromic activation. The cells were chosen for recording because their size (13-20 m diame- ter) and multipolar dendrites are characteristic of SGI projection cells with axons that exit the superior colliculus en route to brainstem gaze centers (Moschovakis et al., 1988b; Isa et al.,1998) . Four of these cells generated antidromic spikes, which is consistent with the expectation that only a small proportion of the efferent axons exit SGI in a particular slice. An example of one of these cells is illustrated in Figure 2 . Figure 2 A shows the slice and the location of the stimulating electrodes. Electrode 1 is in the midbrain tegmentum lateral to the main concentration of SGI efferent axons, electrode 2 is centered on these axons as the efferent tract curves around the lateral border of the central gray matter, and electrode 3 is within the central gray, medial to the majority of axons in the efferent tract. A camera lucida drawing of the patch-clamped cell, which was filled with biocytin to reveal its morphology, is superimposed on the slice in Figure 2 B. The soma of the cell is located in SGI, and its axon leaves the superior colliculus ventrally, in which it intersects electrode 2.
The evoked responses recorded from this cell are illustrated in Figure 2C . Electrode 1 evokes synaptic responses in the cell indicating that either cell somas or axons of passage located in the lateral tegmentum project to SGI. The addition of the glutamatergic receptor blockers APV and CNQX reveal an IPSC (red trace) indicating that the response (control) includes both synaptically mediated excitatory and inhibitory components from sources in the lateral tegmentum but no antidromic responses, indicating that this region is not a major destination of axons arising in SGI. The addition of the voltage-gated Na ϩ channel blocker TTX to the slice bath to block Na ϩ /K ϩ action potentials eliminates all of the responses, confirming that the currents were evoked by axons that synapse on the voltage-clamped cell and were not a result of non-neuronal electrical spread from the stimulation site. Electrode 2, which is located where the SGI efferent axons congregate, evokes a large, shortlatency inward current (0.51 Ϯ 0.11 ms, n ϭ 4). The inward current is only slightly reduced by the glutamate receptor blockers, indicating that it is primarily an antidromic response rather than synaptically mediated. TTX confirms that the response is neuronally mediated and not attributable to current spread from the stimulation site. The slight depression of the later part of the inward current by the glutamate receptor blockers suggests that the same stimulation also could activate autapses of the SGI axons or afferent projections to the SGI neurons that passed near the stimulating electrode. Electrode 3, which is more medial in the central gray, fails to evoke either synaptic or antidromic responses, indicating that this region neither sends output to nor receives input from the cell in SGI.
Synaptic activation of GABAergic cells in SGI
GABAergic cells in SGI were identified by their expression of GFP in GAD67-GFP knock-in mice. Of 65 tested cells, 30 generated EPSCs in response to stimulation of the SGI efferent axons. This number is probably a low estimate of the percentage of GABAergic SGI cells that receive input from the efferent axons because some of these connections must be eliminated by the slicing process. In all 30 of the cells that did respond, the EPSCs were blocked by APV/CNQX, indicating that they were synaptic responses mediated by glutamate receptors. Reconstructions of 28 biocytin-filled cells showed that at least six of them had projections to SL.
The responses of a GABAergic SGI cell to antidromic stimulation of the premotor cells are illustrated in Figure 3A . The response to stimulation by electrode 1, which again is located in the lateral tegmentum, consists of EPSCs (control; black trace) that are partially reduced by APV (blue) and then completely eliminated by the further addition of CNQX (red). Electrode 2, which is positioned over the SGI efferent axons, evokes EPSCs (control) that are unaffected by APV but completely eliminated by the CNQX. Electrode 3 within the central gray did not evoke a response. Figure 3B shows that, as the intensity of the stimulation increases, EPSC amplitude also increases but the latency remains constant, as would be expected for a monosynaptic response. Figure 3C shows the distribution of latencies of the EPSCs evoked in the 30 SGI GABAergic cells. The latency distribution has two modes, at 2-3 and 5 ms (mean latency is 3.52 Ϯ 1.29 ms, n ϭ 30). The small variation in the latencies of the responses over individ- ual stimuli (Ͻ0.1 ms) also is consistent with a monosynaptic connection between the SGI efferent and GABAergic cells. The less frequent responses with longer latencies are most easily explained by the expected activation of polysynaptic pathways. Figure 3D shows the location and morphology of three of these GABAergic SGI cells. Each has a soma in SGI and a prominent axonal projection to SL.
Synaptic inhibition of cells in SL
IPSCs were evoked by antidromic stimulation of the SGI efferent cells in 15 nonGABAergic cells in the SL of mice and in 19 SL cells in rats. Three of these SL cells in rats were identified as projection cells by prelabeling them by the transport of WAHG from the visual thalamus.
In the rats, the peak amplitude of the IPSCs was 154.68 Ϯ 18.46 pA (n ϭ 19). The reduction of these IPSCs by APV and CNQX was 32.29 Ϯ 2.66% ( p Ͻ 0.001) and 39.86 Ϯ 2.58% ( p Ͻ 0.001), respectively. The remaining 28% was probably attributable to activation of alternative inhibitory pathways to these cells. In the mice, to minimize activation of other pathways, the stimulus intensity was reduced to the threshold for evoking the IPSCs. In these animals, the peak amplitude of the evoked IPSCs in the non-GABAergic SL cells was 39.86 Ϯ 16.20 pA (n ϭ 15). Of these cells, the IPSCs of 13 cells were almost completely blocked by the addition of APV and CNQX to 0.90 Ϯ 2.60 pA ( p Ͻ 0.0001). For the remaining two cells, the IPSCs were partially reduced to 31.64 pA (45.13%) and 41.29 pA (27.05%), respectively.
In the mice, for six cells, the onsets of the IPSCs were distinct enough to reliably estimate their latencies. The mean latency for these was 6.08 Ϯ 1.22 ms (n ϭ 6). An analysis of these data using Tukey's multiple comparisons of means with a 95% familywise confidence level demonstrates a significance difference between the latencies of the responses of SGI projection and GABAergic neurons ( p Ͻ 0.001) and between the latencies of the responses of SGI GABAergic neurons and SL projection neurons ( p Ͻ 0.001). Figure 4 A illustrates the results from an SL cell in the rat that was prelabeled by an injection of WAHG in LP of the thalamus and generated prominent IPSCs in response to antidromic stimulation of the SGI efferent axons. At the top left, a photomicrograph taken of the in vitro slice during the experiment shows the cell in contact with the patch-clamp pipette. The arrowheads point to black dots, which are the gold particles transported to the cell from the thalamus. The middle shows a micrograph of the cell after it was processed for biocytin. The cell soma is in SL and the axon (arrowheads) can be seen leaving SL, presumably en route to the thalamus and/or SGI. The responses of this cell to antidromic stimulation of SGI premotor cells are illustrated on the top right. In these experiments, a train of electrical pulses was used because single pulses to the efferent axons might evoke EPSCs that are too small to generate spikes in the GABAergic SGI cells. The IPSCs evoked in the SL cell of this experiment (control; black trace) are blocked by the combination of APV and CNQX (red trace), which is consistent with the argument that the GABAergic cells that evoke the IPSCs in SL are excited by the antidromic activation of the SGI premotor cells.
The results also indicate that the evoked inhibitory responses in these SL cells are mediated by GABA A receptors. Figure 4 B shows for another cell the IPSCs in rat SL that were evoked by repetitive stimulation of SGI efferent axons (left, black trace). The responses also were reduced by APV (blue trace) and almost completely eliminated by the further addition of CNQX (red trace). The traces on the right show the recovery of the IPSCs after the APV and CNQX were washed out (gray trace). These IPSCs then were abolished completely by the application of GABA A receptor blocker GABAzine (green trace). Results similar to those summarized in Figure 4 for rats also were obtained in nonGABAergic SL neurons in mice.
Discussion
The results show that antidromic stimulation of premotor cell axons where they congregate ventral to the superior colliculus evokes EPSCs in SGI GABAergic cells. The EPSCs can be blocked by the glutamate receptor blockers CNQX and APV, showing that they are synaptically mediated by the SGI efferent cells, which are known to have local collaterals that terminate within SGI (Moschovakis et al., 1988a; Isa et al., 1998; Lee and Hall, 2006) . IPSCs evoked in SL by stimulation at the same site in the efferent bundle were blocked by the GABA A receptor blocker GABAzine, confirming that the premotor cells in SGI excite GABAergic cells, which inhibit SL cells (Lee et al., 2007) .
The circuit model for saccade suppression
The rapid movements of the visual field across the retina during a saccade can be expected to generate retinal activity that, because of conduction time from the retina, reaches the superficial layers of the superior colliculus shortly after the onset of the eye movement and lasts for a short period after the saccade. Saccade suppression refers to the evident attenuation of the influence of this retinal activity on more central visual processing, including visual perception during the saccade and the initiation of subsequent saccades. Experiments designed to identify neural mechanisms responsible for saccadic suppression suggest that neither retinal insensitivity to the rapid saccade induced movement of the visual field nor inhibitory proprioceptive feedback from the extraocular muscles or tendons plays an essential role. For example, extracellular recordings in SL demonstrate that cells can respond vigorously to visual stimuli moving at the velocity of saccades (Goldberg and Wurtz, 1972) . Moreover, the suppression of activity in SL can begin before the onset of the saccade and can occur during saccades in the dark, indicating that saccadic suppression is not dependent on reductions in the level of retinal activity during the saccade (Goldberg and Wurtz, 1972) . Another hypothesis, that the suppression is mediated by inhibitory input from receptors in extraocular muscles or tendons that detect the eye movements not only is contradicted by the experiments demonstrating that the suppression begins before the onset of the saccade but also by studies that have shown that it occurs when the eyes are paralyzed by retrobulbar injections of lidocaine HCl (Volkmann et al., 1968; Richmond and Wurtz, 1980) . In contrast, all of these properties of saccadic suppression are consistent with the circuit model tested in the present paper.
According to the circuit model, the attenuation of activity in the SL neurons, which give rise to a strong projection to SGI (Lee et al., 1997; Isa et al., 1998; Helms et al., 2004; Isa and Hall, 2009) , reduces the excitatory input they provide to the premotor output cells during the saccade and thus decreases the likelihood that eyemovement-induced retinal activity will trigger subsequent, unwanted saccades. The excitatory input to the GABAergic cells from the premotor cells might help ensure that the duration of the saccadic suppression in SL approximates the duration of the visual stimulation that occurs as a result of the saccade and also may contribute to the obligatory fixations that occur between successive saccades (Robinson, 1972; Schiller and Stryker, 1972) . The SL projection cells also project to the lateral geniculate and lateral posterior nuclei in the dorsal thalamus, both of which are relays to visual areas of the cortex (May, 2006) , and the inhibition of this colliculothalamic pathway may contribute to the suppressed perception of the visual field movement that occurs during saccades (Volkmann, 1962; Judge et al., 1980) .
Other circuit models for saccade suppression have been proposed, including a pathway from SGI to the intralaminar nuclei that reduces activity in the visual thalamus (Zhu and Lo, 1996) , circuits within the cortex (Thiele et al., 2002) , and the coordinated activity of widespread neural networks (Kleiser et al., 2004) . One model that is especially noteworthy because of its similarity to the current model was proposed by Moschovakis et al. (1988b) , in a study that provided evidence for collaterals of SGI premotor cells that ascend to SL. They proposed that these collaterals could contact inhibitory SL interneurons that, in turn, attenuate visual activity during saccades. An alternative possibility consistent with this result is that the ascending collaterals from SGI premotor cells to SL described by Moschovalis et al. (1988b) are spatiotopically organized and excitatory to SL projection cells, and serve to amplify the activity of SL cells in selective regions of the spatial map as part of the process of saccade target The WAHG appears as black dots (arrowheads) in the cell soma during recording. Middle, Prelabeled colliculothalamic cell revealing the dendrites and axons (arrowheads) that were filled with biocytin. The axon can be traced into the optic layer (arrowheads). Right, The recording in this colliculothalamic neuron shows that antidromic activation of SGI neuron evoked polysynaptic IPSCs (black trace) that were blocked by NMDA and AMPA receptor antagonists (blue and red traces), indicating that an excitatory input activated the GABAergic cells that inhibited the SL cell. B, Left, The evoked polysynaptic IPSCs in another SL cell were mediated by NMDA and AMPA receptors. Right, After washing out NMDA and AMPA antagonists, the evoked IPSCs in SL cell recovered (gray trace) and then were blocked completely by the GABA A antagonist GABAzine (green trace).
selection. Although the present experiments do not contradict any of these alternative models of the mechanisms underlying saccade suppression, they do provide strong evidence for a circuit that can coordinate a reduction of visual activity in SL with premotor activity in SGI.
